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Introduction 2/2

G, is the smallest simple and simply connected Lie group with trivial center

@ Rank 2 = two fundamental representations
(7) Quarks and (14) Gluons

o First order deconfinement transition (pure Gauge Theory) and many more
similarities to SU(3) Gauge Theory and QCD

@ No fermion sign problem at finite density

= We can investigate the full phase diagram of a Gauge Theory with fundamental
fermions and fermionic baryons
= We can use G>-QCD to test methods for QCD at finite density

Compared to QCD additional bound states like diquarks, hybrids ... present
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@ Transitions at finite density

@ Diquark sources and Majorana fermions

© Results



Transitions at finite density
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Heavy Ensemble Light Ensemble
8 =1.05 k=0.147 B =0.96, x = 0.159
Proton mass my = 938 MeV Proton mass my = 938 MeV
Diquark mass myg+) = 326 MeV Diquark mass myg+) = 247 MeV
Lattice spacing Lattice spacing
a = 0.357 fm ~ (552MeV)~1 a=0.343fm ~ (575MeV) "1
w in MeV @ in MeV
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
012 [ T T T T T T T T ] 012 [ T T T T T T I_ T l_
010 F Al )" - 0.10 F A
| - | fre!
0.08 - INERD) . 0.08 - .
g0.06 | d(0) ! g ny0.06 | f .
0.04 | d(0") . 0.04 d(0) -
0.02 f - < . 0.02 d(0") M e
OOO 1 %:é%*)ﬂgl( 1 1 1 1 000 - 1 IM 1 1 1 1 1
00 0.1 02 03 04 05 06 0.7 0.8 00 01 02 03 04 05 06 07 0.8

ap ap



Transitions at finite density - First order nuclear matter transition?

: _ 109InZ
Quark number density ng = v on
© in MeV
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Transitions at finite density - First order nuclear matter transition?
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Transitions at finite density - First order nuclear matter transition?
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Transitions at finite density - First order nuclear matter transition?
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Transitions at finite density - First order nuclear matter transition?
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Transitions at finite density - First order nuclear matter transition?
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t order nuclear matter transition

; _ 19InZ
Quark number density ng = Vo
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Transitions at finite density - Finite temperature

Quark number density Plaquette
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Diquark sources and Majorana
fermions



Diquark sources and Majorana fermions - G»-QCD with diquark sources 9 /20

L = pDy(m, ms, u)3 + Ly (J) + L, (J) for Ny = 1 Dirac spinor ¢ with

Do(m, ms, p) = [P — m — msys — pyo
=>T= C’y5 = TDO(ma m57,U/) = Dg(ma m57:u) T = det DO(ma m57/”’) >0

Possible diquark sources
Lq(J) == (PSP + S ) negative parity source

‘C‘Ys(j) =

NI =N =

(:It/jc’ysib - 3*1/_175wc) positive parity source

2 Majorana fermions A\ = (x,n) with A\ = X and ) = y +in
L =\D(m, ms, i, J, )\
D(m, ms, 1, J, 3) =Do(m, ms, 1) + (iJ115 — ) o1 + ( + %235 ) o3
Do(m, ms, ) = (B — m — msys) — pyoo




Diquark sources and Majorana fermions - Chiral symmetry

Chiral symmetry without diquark sources for Ny = 1
SU(2) — U(1)

Goldstone bosons:
d(0*") ~ P ysth + st and  d(077) ~ pCstp — ysy©

Massive state:

FOFF) ~ Py
5U(2)|_=R* n U(l)B
2 12

U(1)s | i U(L)s




Diquark sources and Majorana fermions - Chiral symmetry 11 / 20

SU(2) generators for the chiral transformation: Ty = 02 and Ty = v5{01,03}

Oa1zA=e'*Tars ) and X — Xe'®Taus

Ov2 A = *T™V A and X Xe TV

All Possible bilinear bound states for a single Dirac flavour

d(0*7) =Ms01A = X757
d(01) =X\ys03\ = X5X — 150
d(077) =Xa1) = ¥

d(07") =Ao3A = xx — iy
FOFF) =2\ = Xx + 7

n(07F) =XysX = Xy5x + 750




Diquark sources and Majorana fermions - Chiral symmetry

Under SU(2) transformations they decompose as 2 ®2=1®3

(n(0‘+))
3~ [d(0)
d(0—)

| Operator | Parameter | Oa1 | Oaz | Ov2 | Goldstone bosons | Massive state |

f(o++)
" (d(o++>)
d(0t)

b9 m x x /[ d(0FF), d(0F) £(0TT)
M50\ h X v x | d(0tt), f(0t) d(0t)
Mys03 VA v X x | d(0t7), f(0t) d(0tt)
AsA ms X X v [ d(0F),d(0~7) n(0~")
Ao1A b X v x | d(0=*), n(0"") d(0~7)
Ao3A h v X x | d077),n(0"") d(0=™)
[oer | w [ x [ x [ 7| : -]

v means conserved, x not conserved



Diquark sources and Majorana fermions - Chiral symmetry

| I || ms | Ji2 || m | Ji2 || Symmetry | Generator |
v v v v v 5U(2) T = {’)/50'1,’750'3,0'2}
v v v X v u(1) T =07
v v v v X U(].) T= 75(.]20'1 - J10'3)
AV v x| x u(1) T = v5(Jaoy — Sy 03) + moa
X v v V|V Uu(1) T =07
x| v | v || x| v u(1) T =0,
X v v v X - -
X v v X X - -
v v X ViV u() T = 5(ho1 + ho3)
v v X X v - -
SNV ox || v ox U(1) or - T = vs5(Ao1 + Bos)
v v X X X - -
x || v X vV - -
X v X X v - -
X v X v X - -
X v X X X - -

V"1 no explicit or spontaneous breaking for this operator



Diquark sources and Majorana fermions - Chiral symmetry
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Diquark sources and Majorana fermions - Sign problem

Monte-Carlo simulations with Majorana fermions

Z = / DAe™ 3P} = Pf(CD) = sgn(Pf)v/det D

Set of unitary operators (T; = Toy, To = Tos, T3 = —03) with
TWT;y=T,T; =—1and T375 =1 and

TiDo=Dy Ti, ToDy=Dg T, T3Dg=DgT;s

Doi/J - )\1/1 = DO(¢7X7777£) = ()\Q/J,AX’)\*TL)\*@
with linearly independent eigenvectors (4, x,n, §).

@ eigenvalues together with its complex conjugate = Pf(CDy) € R
@ every eigenvalue is two-fold degenerate = Pf(CDy) >0

o Forpu=0andm#Jh #Jh+#0 = Pf(CD)>0

o Forp#0and m#Jy # 5 #0 = Pf(CD)eR
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Results - T=0and =0

Lattice Setup
N x N, =8x16, 3=0096, k =0.151 = Heavy Quarks

Chiral Condensate Diquark Condensate Quark number density
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@ Condensate changes from a Chiral towards a Diquark Condensate.

@ Quark number density vanishes.



Results - T#0and u=0

Lattice Setup

N x Ny =123 x 6, 3 =0.96, K = 0.156

Chiral Condensate Diquark Condensate Polyakov Loop
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@ Deconfinement transition

@ Almost no Chiral transition visible in the chiral condensate
= Renormalized condensates.



Results - T #0and u=0

Renormalized Condensates

Chiral Condensate Diquark Condensate Polyakov Loop
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o Chiral transition shows up in the Chiral and in the Diquark Condensate
@ Better signal for Chiral transition in the Diquark Condensate

@ Deconfinement and Chiral transition temperature agree



Results - T=0and u#0

Lattice Setup
N x N, =83 x 16, 3 =0.0.96, x = 0.156

Quark Number Density Chiral Condensate Diquark Condensate
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@ Evidence for a first order nuclear matter transition

= Finite size scaling
= Nucleon mass dependence on p
= Other observables, EoS (pressure)

@ First simulation results with diquark sources
= “Improved” Chiral properties at finite lattice spacing, very similar to
Twisted-Mass fermions
= Spectroscopy at finite diquark source
= Critical slowing down at nuclear matter transition due to small eigenvalues,
extrapolation with finite diquark sources?
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